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Strong electron-phonon coupling in the intermetallic superconductor Mo8Ga41
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Crystals of superconducting Mo8Ga41 (Tc = 9.8K) and Mo8-xVxGa41 limited solid solution
(xmax = 1.9(2)) have been grown from the high-temperature Ga flux and confirmed to have
the V8Ga41 type of crystal structure at room temperature. Thermodynamic and transport mea-
surements as well as electronic structure calculations were performed to investigate both normal-
and superconducting-state properties of Mo8Ga41. The discontinuity in the heat capacity at Tc,
∆cp/γNTc = 2.83 in zero magnetic field, indicates a much stronger electron-phonon coupling than
in the standard BCS limit. From the heat capacity data, we estimated the electron-phonon cou-
pling constant λep = 0.9. The upper critical field is µ0Hc2(0) = 8.3T, while the lower one is only
µ0Hc1(0) = 131Oe. The upper critical field of Mo8Ga41 exhibits a clear enhancement with respect
to the Werthamer-Helfand-Honenberg prediction, consistent with the strong electron-phonon cou-
pling. The Mo8-xVxGa41 limited solid solution also exhibits superconducting properties, and the
critical temperature Tc is reduced only slightly with increasing x.
PACS numbers: 74.25.Bt, 74.25.F-, 71.20.Lp, 74.70.Ad
I. INTRODUCTION
In previous decades, the investigation of superconduc-
tors was aimed at either finding materials with higher
critical temperature Tc, or discovering non-typical super-
conducting behavior that significantly deviates from the
conventional BCS model. Mo-based compounds attract
interest in the light of both these goals. Several Mo-based
carbides were reported to be superconductors with rela-
tively high transition temperatures: γ-MoC with Tc =
9.3K1, η-MoC1-x (8.9K
1), α-Mo2C (6.1K
2), β-Mo2C
(5.2K2), and Mo3Al2C (9.05K
3). The latter compound
is a noncentrosymmetric superconductor. Initially, it
was ascribed to a strong-coupling regime with noticeable
deviations from the BCS model3,4. However, magnetic
penetration depth measurements evidenced nodeless en-
ergy gap and established the conventional behavior of
Mo3Al2C
5. In a recent study6, the muon spin relaxation
rate measurements did not reveal any indications of time-
reversal symmetry breaking in Mo3Al2C and confirmed
that this compound features a single s-wave supercon-
ducting gap.
Among Mo-based compounds, Mo3Sb7 also attracts
interest because of its complex behavior at low tem-
peratures. Two transitions that are observed in this
compound at 2.3K and 50K can be attributed to the
formation of a superconducting state and spin gap,
respectively7,8. Therefore, Mo3Sb7 can be classified as
a system, where superconductivity and spin fluctuations
coexist, thus resembling the behavior of superconductors
with strong electronic correlations8. The investigation
of Mo3Sb7 by means of muon spin relaxation measure-
ments revealed two possibilities to explain the supercon-
ducting properties: a single s-wave superconducting gap
scenario9,10 and a double-gap s-wave model11,12. The
ambiguity between these two scenarios is so far unre-
solved, although the gap anisotropy and the presence of
nodes are clearly excluded by the recent study of heat
transport in Mo3Sb7 at low temperatures
13.
Searching for other Mo-based superconductors, which
may demonstrate non-typical behavior, we focused on
Mo8Ga41 intermetallic compound. Earlier, Bezinge and
Yvon14 reported the superconductivity of Mo8Ga41 at
Tc = 9.7K with the upper critical field µ0Hc2 = 8.6T
at zero temperature. Mo8Ga41 crystallizes in the cen-
trosymmetric three-dimensional V8Ga41 type of crystal
structure14,15. The relatively high values of the transi-
tion temperature Tc and upper critical field µ0Hc2 call for
a detailed study of both normal- and superconducting-
state properties that have not been addressed in the pre-
vious literature.
Here, we report crystal growth of the intermetallic
Mo8Ga41 as well as the Mo8-xVxGa41 limited solid solu-
tion on its base. Electrical resistivity, isothermal magne-
tization, magnetic susceptibility and heat capacity mea-
surements, and electronic structure calculations were per-
formed to investigate both normal- and superconducting-
state properties. By revisiting Mo8Ga41, we aim to
provide insight into microscopic features and electronic
structure of this compound.
II. EXPERIMENTAL DETAILS
Crystals of Mo8-xVxGa41 (x = 0, 1 and 2) were grown
with a high-temperature solution growth method us-
ing Ga both as a reagent and flux medium. Mo pow-
der (99.99%, Sigma Aldrich), V pieces (99.9%, Sigma
Aldrich) and Ga pieces (99.999%, Sigma Aldrich) were
used as starting materials. According to the standard
ampoule technique, they were weighed in the Mo:V:Ga
= (8 − x) : x : 400 molar ratio and placed inside quartz
2FIG. 1. Experimental (black points) and calculated (red line)
XRD patterns of Mo8Ga41. Peak positions are given by black
ticks; the difference plot is shown as a black line in the bottom
part. The inset shows scanning electron microscope image of
a typical Mo8Ga41 crystal, grown from Ga flux.
ampoules, which were then sealed under vacuum at pres-
sure less than 10−2Torr. Ampoules were annealed in
a programmable furnace at 830 ◦C for 55 h and slowly
cooled to 170 ◦C at the rate of 4 ◦C/h. After synthesis,
the excess of liquid Ga was separated using an Eppen-
dorf 5804R centrifuge, yielding well-shaped silvery-gray
crystals (inset of Fig. 1). The obtained crystals were
purged from the remainder of Ga metal with diluted
0.5M HCl during 24 h and washed with distilled water
and acetone.
Powder X-ray diffraction data were collected at room
temperature using a PANalytical X’Pert3 Powder diffrac-
tometer with Cu Kα radiation in the 2θ range between
7.5 ◦ and 104 ◦. The data were analyzed by the Rietveld
method in JANA2006 software16.
Crystals were analyzed using a scanning electron mi-
croscope JSM JEOL 6490-LV operated at 30 kV and
equipped with an EDX detection system INCA x-Sight.
Before operation, the EDX detection system was opti-
mized using elemental Co as a standard. To perform
quantitative elemental analysis, the system was cali-
brated with the use of elemental Mo and V, and GaP pol-
ished samples. All standards are provided by MAC An-
alytical Standards.
Several rectangular-shaped single crystals of
Mo8-xVxGa41 were picked from the specimens with
x = 0, 1 and 2 for the subsequent crystal structure
determination and refinement. Data sets were collected
from the qualitatively best single crystals on a STOE
STADIVARI Pilatus diffractometer equipped with
a graphite monochromator and a Mo X-ray source
(λMo = 0.71073 A˚). Details of the single-crystal XRD
experiments are presented in Table S117. After the
numerical absorption correction, which was performed
by a multiscan routine, the crystal structure was
solved by direct methods18 and refined against F 2 with
JANA2006 software16. The obtained atomic coordinates
and selected interatomic distances are listed in Tables S2
and S317. The atomic coordinates were standardized by
the STRUCTURE TIDY program19.
Unfortunately, individual single crystals were not large
enough for thermodynamic measurements. Therefore,
several Mo8-xVxGa41 (x = 0, 1 and 2) crystals were
glued together and measured as polycrystalline samples.
The temperature dependences of the magnetic suscepti-
bility and isothermal magnetization were measured us-
ing a SQUID magnetometer (MPMS, Quantum Design)
in magnetic fields between 0T and 7T at temperatures
between 1.8K and 300K. Additionally, isothermal mag-
netization curves were obtained using the VSM setup of
Physical Property Measurement System (PPMS, Quan-
tum Design) in magnetic fields up to 14T. The heat ca-
pacity measurements were performed with a relaxation-
type calorimeter (HC option, PPMS, Quantum Design)
in magnetic fields between 0T and 11T at temperatures
between 1.8K and 20K.
To investigate transport properties, crystals were
crushed in an agate mortar and pressed into rectangular-
shaped pellets at the external pressure of 100bars at
room temperature. Densities of the pellets were esti-
mated from their masses and linear sizes to be 87%, 84%
and 86% from the theoretical densities for x = 0, 1 and
2, respectively. Electrical contacts (Cu wire, 50µm) were
fixed using silver-containing epoxy resin (Epotek H20E)
hardened at 120 ◦C, and the resistance was measured by
the standard four-probe method using the AC transport
setup of PPMS in magnetic fields between 0T and 11T
at temperatures between 1.8K and 400K with a field
applied perpendicular to the direction of current.
The electronic structure of Mo8Ga41 was calculated
within the local density approximation (LDA)20 of the
density functional theory (DFT) as implemented in the
full-potential FPLO code (version 14.00-47)21 with the
basis set of local orbitals. The integrations in k -space
were performed by the improved tetrahedron method22
on a grid of 16×16×16 k -points for the scalar relativistic
calculation. The density of states at the Fermi level in
the case of Mo8-xVxGa41 solid solution was calculated
using the rigid band shift approximation.
III. RESULTS AND DISCUSSION
A. Crystal structure of Mo8Ga41
The powder XRD pattern of crushed crystals of
Mo8Ga41 is shown in Fig. 1. All lines in the pattern
could be indexed in the R3¯ (# 148) space group, con-
firming phase purity of the sample. The respective Ri-
etveld refinement of the data yields the cell parameters
3FIG. 2. Mo8Ga41 crystal structure: (a) MoGa10 polyhedron
(orange), (b) the main building block, constructed by MoGa10
polyhedra (orange) and GaGa12 cuboctahedra (blue), (c) the
unit cell content.
a = 14.0454(2) A˚ and c = 15.0525(2) A˚, which are in
good agreement with the previously reported values15.
A suitable single crystal with the composition
Mo8.1(2)Ga40.9(2), confirmed by EDX spectroscopy, was
selected from the reaction products to perform struc-
ture determination. The collected data could be in-
dexed with the cell parameters a = 14.0290(9) A˚ and
c = 15.0414(9) A˚ in the R3¯ (# 148) space group, which
was chosen on the basis of systematic extinction condi-
tions. Atomic positions were determined by direct meth-
ods and refined in full-matrix anisotropic approximation.
Details of the data collection and refinement are summa-
rized in Table S1, the atomic parameters and selected in-
teratomic distances are given in Tables S2 and S3, respec-
tively. Our refinement shows that Mo8Ga41 crystallizes
in the V8Ga41 type of crystal structure, in agreement
with the previously reported results14,15. The refinement
indicates the absence of partially occupied positions in
the crystal structure, thus confirming that Mo8Ga41 is a
stoichiometric compound.
In the Mo8Ga41 crystal structure, Mo and Ga atoms
occupy two and nine crystallographic positions, respec-
tively. Mo atoms are well separated from each other, and,
consequently, only Ga atoms appear in the first coordi-
nation sphere of Mo, which is presented by MoGa10 poly-
hedra for both the Mo1 and Mo2 positions. The MoGa10
polyhedron (Fig. 2a) consists of one half of a MoGa8/2
FIG. 3. Electrical resistivity of Mo8Ga41 in zero magnetic
field. The solid curve represents a fit according to the parallel
resistance model. The inset shows resistivity at low temper-
atures in different applied fields.
cube and one half of a MoGa12/2 icosahedron. MoGa10
polyhedra are interconnected by corners and form the
arrangement, in which one triangular face of each poly-
hedron is shared with a cuboctahedron centered by the
unique Ga atom (Fig. 2b). The Ga atom in the centre of
a cuboctahedron (crystallographic position 3b (0; 0; 0.5))
has no contacts with Mo atoms in the first coordination
sphere. Eight MoGa10 polyhedra are condensed on the
faces of a cuboctahedron, which is occupied by one Ga
atom, yielding the 8MoGa10/2 + 1Ga = Mo8Ga41 com-
position of the compound. This arrangement represents
a building block of the Mo8Ga41 crystal structure, which
is clearly three-dimensional with Mo atoms being evenly
distributed in the matrix of Ga atoms (Fig. 2c).
B. Electrical resistivity
The temperature dependence of the Mo8Ga41 elec-
trical resistivity, measured in zero magnetic field, is
shown in Fig. 3. The ρ(T ) exhibits metallic behav-
ior with rather high absolute values of resistivity well
above the Mott-Ioffe-Regel limit (∼ 0.1mΩcm). More-
over, at temperatures above 75K the resistivity grows
much slower than at low temperatures. Such behav-
ior was observed in many metallic systems with large
resistivity23, particularly, in strong-coupled transition-
metal A15 superconductors24. The saturation of resistiv-
ity in these compounds occurs when the mean electron
free path is comparable to the interatomic distances23,24.
To account for the saturation of resistivity at high tem-
peratures, the parallel resistance model was used, in
which 1ρ(T ) =
1
ρsat
+ 1ρideal(T ) . We used a linear behav-
ior for the ideal resistivity: ρideal(T ) = ρ0 + αT . A fit
employing this model is shown in Fig. 3 by the solid
4FIG. 4. (a) Normal-state magnetic susceptibility of Mo8Ga41
measured at H = 2T; (b) magnetic susceptibility at H =
100Oe, measured in zfc and fc conditions.
red line and yields ρ0 = 0.221(5)mΩ cm and ρsat =
0.808(2)mΩ cm.
At low temperatures, the resistivity of Mo8Ga41 clearly
indicates a superconducting transition at Tc = 9.8K,
where Tc was determined as an onset temperature of
the sharp resisitivity drop. The obtained value of Tc
is in agreement with the data reported by Bezinge and
Yvon14. The inset of Fig. 3 shows the ρ(T ) around the
transition in various magnetic fields. As expected, mag-
netic field shifts the superconducting transition to lower
temperatures. These data were used to extract the upper
critical field at the transition temperature Tc, which was
determined as an onset temperature of the resistive drop.
The upper critical field µ0Hc2(T ) of Mo8Ga41 is shown
in Fig. 8 and will be discussed further in the text.
C. Magnetic susceptibility
The normal-state magnetic susceptibility of Mo8Ga41,
measured in the temperature range between 10K and
300K in the H = 2T magnetic field, is shown in Fig. 4a.
The compound exhibits bulk diamagnetism with the
upturn of the magnetic sucseptibility at low tempera-
tures T < 100K, which is most likely due to para-
magnetic impurities. Temperature dependence of the
magnetic susceptibility can be satisfactorily fitted with
the equation χ(T ) = χint + C/T , resulting in the in-
trinsic susceptibility χint = −4.96(8) × 10−4 emumol−1
and C = 0.0139(4)emuKmol−1. The intrinsic suscep-
tibility χint includes the following summands: χint =
χP + χcore + χVV + χL, where χP is the Pauli param-
agnetic spin susceptibility of the conduction electrons,
χcore is the diamagnetic orbital contribution from the
electrons (ionic or atomic), χVV is the Van Vleck param-
agnetic orbital contribution, and χL is the Landau orbital
diamagnetism of the conduction electrons. A realistic
estimation of χP from the above equation is problem-
atic, mostly because of uncertainty in the calculation of
χcore value. For instance, the χcore value for Mo ions
gradually decreases from −7× 10−6 emumol−1 for Mo6+
to −31 × 10−6 emumol−1 for Mo2+ species25. However,
chemical bonding in Mo8Ga41 is neither ionic nor cova-
lent, therefore, the core contribution is hard to estimate
precisely.
The sample contains minor amount of paramagnetic
impurities resulting in a Curie-like C/T contribution to
χ. The obtained value of C is equal to the presence of
3.7mol.% of the S = 12 paramagnetic impurity assum-
ing g = 2. This impurity contribution can be attributed
to the defects induced by the post-synthetic treatment
of Mo8Ga41 crystals with diluted 0.5M HCl. However,
these impurities should not affect other physical prop-
erties, such as electrical resistivity and heat capacity of
Mo8Ga41.
The temperature dependence of the zero-field-cooled
(zfc) and field-cooled (fc) magnetic susceptibilities of
Mo8Ga41, measured in 100Oe magnetic field, is shown
in Fig. 4b. The divergence of the zfc and fc curves
indicates a transition to the superconducting state at
Tc = 9.8K, in good agreement with the resistivity data.
The fc signal (Meissner effect) is weak, which is most
probably due to strong flux line pinning in this type-
II superconductor. For the zfc signal, the transition
is significantly broadened with temperature, having the
width of about 5K. The reduced volume susceptibility
4piχ reaches −0.44 emu cm−3 at T = 2K, however, the
data were not corrected for the demagnetization effect,
since the sample shape is not well-defined. Assuming
the complete diamagnetic response of the specimen, one
obtains the demagnetization factor of 2.3, which is some-
what larger than the value of 1.0 expected for an ellipsoid
of revolution.
The isothermal magnetization data were used to esti-
mate both lower µ0Hc1(T ) and upper µ0Hc2(T ) critical
fields of Mo8Ga41 (Fig. 8). µ0Hc1(T ) was determined as
a field, at which the M(H) dependence deviates from a
linear behavior with the probability of 95% in the low-
fieldM(H) data. µ0Hc2(T ) was determined as a kink on
the high-field M(H) curve.
5FIG. 5. Specific heat cp/T versus T plot in various magnetic
fields for Mo8Ga41.
FIG. 6. The specific heat anomaly in zero magnetic field. The
solid curve is a construction to estimate the specific heat jump
at T = Tc. The inset shows cp/T versus T
2 plot in H = 11T
magnetic field, the solid curve represents the linear fit of the
data.
D. Heat capacity
The specific heat cp/T versus T plot in the temper-
ature range between 1.8K and 11K in various mag-
netic fields is shown in Fig. 5. A sharp anomaly with
the transition temperature Tc = 9.7K is observed in
zero magnetic field, confirming bulk superconductivity
of Mo8Ga41. The temperature of the transition was
determined by a graphical equal-areas approximation
(entropy-conserving) for each field H . Magnetic field
shifts the transition to lower temperatures, and finally,
no sign of the transition is observed in the H = 10T
magnetic field at temperatures above 1.8K. Using the
data obtained in different magnetic fields, we calculated
the upper critical field µ0Hc2(T ) of Mo8Ga41 (Fig. 8).
A closer view at the specific heat anomaly in zero mag-
netic field is presented in Fig. 6. We used line approxi-
mation of the data just below and above the transition
to extract the value of the jump in the specific heat at
Tc. The corresponding construction is shown by blue
lines in Fig. 6, with the vertical blue line located at the
transition temperature Tc = 9.7K. According to this ap-
proximation, we obtained ∆cp/Tc = 280mJmol
−1K−2,
although the ∆cp/Tc value might be a bit overestimated
by this method due to the smoothness of the supercon-
ducting transition.
The normal-state specific heat of Mo8Ga41, measured
in the 11T magnetic field, is shown in the inset of
Fig. 6. The cp/T versus T
2 plot can be fitted by the
equation cp/T = γN + βT
2 at temperatures between
1.77K and 3.53K, giving γN = 99.1(5)mJmol
−1K−2
and β = 11.76(7)mJmol−1K−4, which yields the De-
bye temperature of ΘD = 201K. Thus, the normalized
jump of the specific heat at Tc is ∆cp/γNTc = 2.83. This
value indicates a much stronger electron-phonon coupling
in the superconducting state of Mo8Ga41 than the weak-
coupling BCS limit, where ∆cp/γNTc = 1.43 is expected.
The electron-phonon coupling constant λep can be esti-
mated using the equation:
λep =
γN
γbare
− 1, (1)
where γN and γbare =
pi2k2
B
3 N(EF) are the experi-
mental and calculated values of the Sommerfield coef-
ficient of the electronic specific heat, respectively, and
N(EF) is the density of states at the Fermi level. From
the band structure calculations we obtained N(EF) =
22.36 st. eV−1 f.u.−1, yielding γbare = 52.7mJmol
−1K−2
and λep = 0.88. In addition, λep can be estimated
in the single-gap superconductivity approximation using
McMillan’s formula26:
λep =
1.04 + µ∗ ln
(
ΘD
1.45Tc
)
(1− 0.62µ∗) ln
(
ΘD
1.45Tc
)
− 1.04
, (2)
where µ∗ is the Coulomb pseudopotential, ΘD is the De-
bye temperature, and Tc is the superconducting tran-
sition temperature. The Coulomb pseudopotential, µ∗,
is equal to 0.1 in the case of nearly-free-electron met-
als, as confirmed empirically for Zn. For many other
transition metals, the empirical values of µ∗ vary only
slightly around 0.13, therefore, µ∗ = 0.1 and 0.15 values
could be used for estimating the plausible range of λep
26.
The values of ΘD = 201K and Tc = 9.7K, obtained
above from the heat capacity data, yield λep = 0.90
and 1.06 for µ∗ = 0.1 and 0.15, respectively. Thus, we
find a good agreement between the λep values, calcu-
lated using equations (1) and (2). Henceforth, we will
take λep = 0.9, which corresponds to µ
∗ = 0.1 and
γbare = 52.7mJmol
−1K−2.
6FIG. 7. Electronic specific heat ceS/T versus T
2 plot in vari-
ous magnetic fields together with ∝ T 3 behavior for H = 0T,
which is shown by the solid blue line.
The obtained high value of λep implies strong
electron-phonon coupling in the superconducting state
of Mo8Ga41. Together with the unusually high value of
∆cp/γNTc = 2.83, it indicates that the superconductivity
of Mo8Ga41 significantly deviates from the BCS limit. To
analyze the superconducting state in more detail, we cal-
culated the electronic contribution to the heat capacity
by subtracting the βT 3 lattice term from the cp(T ) data.
The resulting ceS/T versus T
2 plot in various magnetic
fields is shown in Fig. 7. Unfortunately, the subtraction
resulted in negative values of ceS in zero magnetic field
below 3.5K, which is, without doubt, due to the loss of
accuracy in the estimation of β. However, negative values
of ceS are not observed in higher magnetic fields. More-
over, we found that ceS(T ) ∝ T 3 in the superconducting
state at temperatures above 3K (for H = 0T the cor-
responding construction is shown by blue line in Fig. 7).
This additionally evidences non-BCS-type superconduc-
tivity of Mo8Ga41. At low temperatures, the heat capac-
ity data exhibit an anomaly, which is seen as the upturn
of ceS in zero magnetic field. This anomaly may be at-
tributed either to a small fraction of impurities in the
specimen or to a non-trivial gap structure of the super-
conducting state. Due to the low-temperature anomaly,
it remains unclear whether or not ceS of Mo8Ga41 is com-
patible with a nodal structure.
E. Lower and upper critical magnetic fields
From the magnetic field dependences of magnetization,
electrical resistivity and heat capacity, we obtained the
upper critical field of Mo8Ga41, which is shown in Fig. 8.
The µ0Hc2(T ) data fromM(H) and cp perfectly coincide.
The deviation of the upper critical field values, obtained
from the resistivity measurements, is likely due to the
influence of surface superconductivity, which results in
FIG. 8. Upper critical field µ0Hc2(T ) of Mo8Ga41, determined
from the magnetization, heat capacity and electrical resistiv-
ity measurements. The solid lines represent an extrapolation
of the data by the second-order polynomial. Lower critical
field µ0Hc1(T ) is shown in the inset. The solid red line is a
fit of the data, as described in the text.
µ0Hc3(T ). Regarding details of the resistivity measure-
ments, we expect surface superconductivity emerging in
each cross-sectional area of the sample, thus influencing
the upper critical field substantially. From a free ex-
trapolation by the second-order polynomial, we obtained
µ0Hc3(0) = 12.3T from ρonset and µ0Hc2(0) = 8.3T
from M(H), yielding µ0Hc3(0)/µ0Hc2(0) = 1.5. In the
ideal case µ0Hc3(0)/µ0Hc2(0) = 1.7
27, however, devia-
tions are known for a number of type-II superconducting
alloys, for which the values of µ0Hc3(0)/µ0Hc2(0) be-
tween 1.4 and 2.1 are found experimentally27,28.
We will further discuss µ0Hc2(T ) from M(H) and
cp, only. All the curves vary linearly with T down
to 0.4Tc, thus, the upper critical field µ0Hc2(0) can
be estimated using the Werthamer-Helfand-Honenberg
(WHH) formula for the clean limit: µ0Hc2(0) =
−0.693Tc
(
dµ0Hc2(T )
dT
∣∣∣
Tc
)
29. Using the values of
dµ0Hc2(T )
dT
∣∣∣
Tc
= −1T/K and Tc = 9.8K, we obtained
µ0Hc2(0) = 6.8T. Alternatively, a free extrapolation by
the second-order polynomial, which is shown by the red
line in Fig. 8, leads to the estimated value of the upper
critical field µ0Hc2(0) = 8.3T from theM(H) data. The
observed value shows a clear enhancement with respect
to the Werthamer-Helfand-Honenberg prediction, consis-
tent with the strong electron-phonon coupling inferred
from the the jump in the specific heat. The µ0Hc2(0)
value corresponds to the Ginzburg-Landau coherence
length of ξGL = 158 A˚, as calculated from µ0Hc2(0) =
Φ0
2piξ2
GL
, where Φ0 is the flux quantum h/2e. µ0Hc2(0)
is significantly lower than the Pauli-paramagnetic limit
for weak electron-phonon coupling, which is µ0HP =
7FIG. 9. Calculated electronic density of states (DOS) for
Mo8Ga41. The Fermi level is indicated by the dashed line.
1.86Tc = 18.2T. The obtained value of µ0HP yields the
Maki parameter α =
√
2µ0Hc2(0)/µ0HP = 0.53, where
µ0Hc2(0) is the WHH limit of the upper critical field. Al-
ternatively, the Maki parameter α can be derived from γN
and ρ0 using the formula applicable in the dirty limit
29:
α =
3e2~γNρ0
2mepi2k2BVm
, (3)
where γN is the experimental value of the Sommerfield
coefficient, ρ0 is the normal-state resistivity extrapo-
lated to zero temperature, and Vm is the molar vol-
ume. Using the values of γN = 99.1(5)mJmol
−1K−2
and ρ0 = 0.221(5)mΩ cm, we obtained α = 1.02. The
difference between the two estimates of α may arise from
uncertainties in determining the absolute value of resis-
tivity ρ0 on a polycrystalline sample. Nevertheless, both
estimates of α indicate that the SC transition should be
a second-order phase transition, as expected for a type-II
superconductor.
The inset of Fig. 8 shows the lower critical field
µ0Hc1(T ) of Mo8Ga41 obtained from the magnetization
data. The µ0Hc1(T ) data can be satisfactory fitted using
the equation µ0Hc1(T ) = µ0Hc1(0)(1−
(
T
Tc
)β
). The fit-
ting curve is presented as a red line in the inset of Fig. 8.
Assuming that the transition temperature is Tc = 9.8K,
we obtained µ0Hc1(0) = 131(2)Oe and β = 1.95(5). The
lower critical field µ0Hc1(0), which indicates the appear-
ance of flux lines in the sample volume, is much lower
than the upper critical field µ0Hc2(0) of Mo8Ga41, as it
is usually observed in type-II superconductors.
F. Electronic structure
The calculated electronic density of states (DOS) for
Mo8Ga41 is shown in Fig. 9. In general, the energy spec-
trum of Mo8Ga41 is similar to those calculated for the
isostructural compounds V8Ga41 and T8Ga41−yZny
30 (T
= V, Cr, Mn). The energetically low-lying region be-
tween −11 and −4 eV is primarily composed by Ga 4s
and 4p contributions with a small admixture of Mo 4d
states. At higher energies above −4 eV, the strong bond-
ing between Ga and Mo species is observed. The mix-
ing of Ga 4p and Mo 4d orbitals results in the sharp
peak of the DOS reaching almost 50 st. eV−1 f.u.−1 at
the relative energy of −2.3 eV. This peak is separated
from the rest of the spectrum by the dip, located at
−1.6 eV. The DOS near the Fermi level at energies be-
tween −1.6 eV and 3 eV also has a sharp peak structure
with the Fermi level located close to the local maximum
of the DOS, composed mainly of Ga 4p and Mo 4d con-
tributions. The resulting high value of the DOS at the
Fermi level is N(EF) = 22.36 st. eV
−1 f.u.−1 yields the
bare Sommerfield coefficient of the electronic specific heat
γbare = 52.7mJmol
−1K−2.
In the Mo8−xVxGa41 solid solution, the substitution
of V for Mo results in the reduced number of valence
electrons per formula unit. Consequently, the Fermi
level shifts to lower energies resulting in the density of
states at the Fermi level N(EF) = 25.96 st. eV
−1 f.u.−1
and 23.25 st. eV−1 f.u.−1 for x = 1 and 1.9, respectively.
These values only slightly exceed the N(EF) value ob-
tained for the unsubstituted Mo8Ga41. As a result, the
DOS at the Fermi level remains high, thus remaining
favorable for the superconductivity. Moreover, a moder-
ate increase of Tc is expected from the derived values of
N(EF).
G. Mo8-xVxGa41 solid solution
The fact that Mo8Ga41 and V8Ga41 intermetallic com-
pounds possess the same type of crystal structure moti-
vated us to investigate the formation of the Mo8-xVxGa41
solid solution. Crystals of the solid solution were ob-
tained by the high-temperature gallium flux technique
using the Mo:V molar ratio of 7:1 and 6:2 in the reaction
mixture for x = 1 and 2, respectively. The obtained crys-
tals were crushed and analyzed by the standard X-ray
diffraction technique, which showed that the specimen
with x = 1 is single-phase, and its diffraction pattern
is consistent with the Mo8Ga41 structure type. More-
over, the Mo7.0(2)V1.0(1)Ga41.0(2) elemental composition
was determined by EDX spectroscopy, and it perfectly
agrees with the nominal one.
According to the XRD results, the specimen with x = 2
also represents the Mo8Ga41-based solid solution, but
additionally it contains a small admixture of the sec-
ondary V8Ga41-based phase. For this specimen, the
averaged elemental composition of crystals was found
8FIG. 10. Electrical resistivity of the Mo8-xVxGa41 solid solu-
tion for x = 0, 1 and 2 in zero magnetic field.
to be Mo6.1(1)V1.9(2)Ga41.0(1) by EDXS. All these re-
sults suggest the formation of the limited solid solution
Mo8-xVxGa41 with xmax = 1.9(2).
Single-crystal XRD experiments were carried out to
investigate the crystal structure of the solid solution at
room temperature. Details of the crystal data collection
and refinement are summarized in Table S1, the obtained
atomic parameters and selected interatomic distances are
given in Tables S2 and S3, respectively. According to
the single-crystal XRD results, the solid solution crystal-
lizes in the parent V8Ga41 type of crystal structure. V
atoms substitute Mo atoms almost evenly in two crystal-
lographic positions, as it is seen from the refined occu-
pation factors (s.o.f. in Table S2). Note that the total
s.o.f. values were constrained to achieve the compositions
determined by EDXS for each sample.
Thermodynamic and transport measurements suggest
that the solid solution becomes superconducting at low
temperatures, very similar to the parent Mo8Ga41 com-
pound. The ρ(T ) curves measured in zero magnetic field
for x = 0, 1 and 2 are given in Fig. 10. As in the case
of Mo8Ga41, the solid solution exhibits metallic behav-
ior with high absolute values of resistivity. The thermo-
dynamic and transport measurements confirm bulk su-
perconductivity of the Mo8-xVxGa41 solid solution with
Tc = 9.8K, 9.2K and 8.7K in zero magnetic field for
x = 0, 1 and 2, respectively. Thus, the sizable substitu-
tion of V for Mo atoms in the crystal structure has rather
weak effect on superconductivity, as expected from the
high values of N(EF) for the solid solution. However,
the reduction in Tc do not correlate with the evolution
of N(EF), since the disorder induced by the random ar-
rangement of Mo and V atoms in the crystal structure
may also have impact on Tc.
IV. CONCLUSIONS
Crystals of the intermetallic compound Mo8Ga41 and
the limited solid solution on its base, Mo8-xVxGa41
with xmax = 1.9(2), have been grown from the high-
temperature Ga flux. Magnetization, specific heat and
transport measurements confirm bulk superconductivity
of Mo8Ga41 with Tc = 9.8K. Analysis of the specific heat
data gives evidence of various non-BCS-type features: (i)
the normalized specific heat jump at Tc, ∆cp/γNTc =
2.83, exceeds significantly the weak-coupling BCS limit,
for which ∆cp/γNTc = 1.43. From the specific heat
data we estimated the electron-phonon coupling con-
stant λep = 0.9, that is consistent with the strong-
coupling regime. (ii) The electronic contribution to the
specific heat ceS/T below Tc significantly deviates from
the conventional BCS-type behavior, and a power law
with ceS(T ) ∝ T 3 is observed above 3K instead. All
these facts evidence the strong-coupling non-BCS-type
behavior of Mo8Ga41 and the persistence of this regime
upon vanadium doping. Future studies of this material
are desirable.
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